Introduction
Chronic hepatitis B virus (HBV) infection continues to be a major public health issue worldwide. More than 350 million people are infected with HBV worldwide. 1 The magnitude of chronic hepatitis B (CHB) is underestimated, since epidemiological studies do not take into account the influx of immigrants from endemic areas or the prisoner population. CHB predisposes patients to premature death from cirrhosis, liver failure and/or hepatocellular carcinoma (HCC).
1,2 Serum HBV DNA levels have also been directly linked to the risk of development of cirrhosis and HCC. 2, 3 Therefore, early detection and maximal suppression of serum HBV DNA may prevent disease progression to advanced stages. Current approved medications for hepatitis B e antigen (HBeAg)-positive and HBeAg-negative CHB in the United States (Tables 1 and 2 ) can be divided into immunomodulators (interferon α-2b, peginterferon α-2a), nucleoside analogs (lamivudine, telbivudine, and entecavir) and nucleotide analogs (adefovir dipivoxil [ADV] and tenofovir disoproxil fumarate [TDF] ). Entecavir and tenofovir are the two oral antivirals shown to have the lowest risk for the development of antiviral drug resistance. 4 Efficacy of oral antiviral medication has been traditionally measured by the ability of the drug to result in normalization of alanine aminotransferase (ALT), histological improvement and viral suppression. However, there is no clear evidence that the level of the ALT is directly correlated with the long term response to oral antiviral therapy.
Tenofovir is an acyclic nucleotide reverse transcriptase inhibitor, closely related to adefovir, which demonstrates activity against both human immunodeficiency virus (HIV) and HBV. It was first licensed for use in the treatment of HIV infection. Multiple retrospective analyses of subsets of patients coinfected with HIV and HBV treated primarily with tenofovir demonstrated the activity of tenofovir against HBV as well. 5, 6 In addition, a small case series of mostly lamivudine-resistant monoinfected HBV patients also documented the effectiveness of tenofovir in suppressing HBV, with 4-6 log 10 reductions in serum HBV DNA. [7] [8] [9] Tenofovir received approval for the treatment of CHB based on phase III studies in 2008.
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HBeAg-positive chronic hepatitis B
The superiority of tenofovir to adefovir in HBeAg-positive CHB was recently demonstrated in a phase III study. Two hundred sixty-six treatment-naïve patients with HBeAgpositive CHB were randomly assigned to tenofovir (300 mg) or adefovir (10 mg) at a 2:1 ratio. 10, 11 At 48 weeks of treatment, patients who received tenofovir had greater viral suppression of HBV DNA than those treated with adefovir, with 400 copies/mL in 76% versus 13%, ALT normalization in 68% versus 54%, histological improvement in 67% versus 12%, hepatitis B surface antigen (HBsAg) loss in 3.2% versus 0%, and HBeAg seroconversion in 21% versus 18%, respectively.
At 48 weeks, all of the patients in the adefovir group were switched to tenofovir (ADF-TDF group). Switching to tenofovir achieved more rapid viral suppression. Eighty-two percent of patients with detectable virus while receiving adefovir had undetectable HBV DNA (400 copies/mL, or 69 IU/mL) by week 96. All patients who had undetectable HBV DNA at week 48 continued to have viral suppression by week 96. In addition, 6% of patients in the ADF-TDF group had HBsAg loss by week 96. 12 Patients who lost HBsAg had either genotype A or D, high HBV DNA levels (median 9.48 log10 copies/mL), and elevated HBsAg levels (5.11 log10 IU/mL) prior to treatment. 13 The benefits of tenofovir persisted at week 96, achieving maximal viral suppression (89% on treatment analysis), HBeAg seroconversion (26%) and HBsAg seroconversion (4%). 12 No resistance to tenofovir was reported after 96 weeks of TDF monotherapy. 
HBeAg-negative chronic hepatitis B
Tenofovir has also been found to be superior to adefovir in a recent randomized controlled trial of 375 patients with HBeAg-negative CHB that included lamivudine-experienced patients. 10 More patients in the tenofovir arm achieved undetectable HBV DNA levels (93% versus 63%, respectively) at 48 weeks. Both tenofovir and adefovir groups had similar rates of ALT normalization (77% versus 78%) and histological improvement (72% versus 69%), respectively at week 48 of therapy. Histological improvement was defined 15 In an intent-to-treat analysis, 89% of patients who were switched from adefovir to tenofovir at week 48 had undetectable HBV DNA by week 96. 
Lamivudine-or adefovir-experienced patients
Efficacy of tenofovir in suppressing lamivudine-resistant HBV was demonstrated in small observational studies in lamivudine-resistant patients who had incomplete viral suppression after switching to adefovir. van Bommel and colleagues 8 described a pool of 20 lamivudineresistant patients (18 patients with HBeAg-positive CHB) who were switched to tenofovir after poor virologic response after four to 28 months of adefovir therapy (HBV DNA  4 log10 copies/mL). None of the patients had evidence of adefovir resistance at the initiation of tenofovir therapy. Nineteen of the 20 patients achieved undetectable HBV DNA levels after a median duration of 3.5 months of treatment. The only patient with detectable HBV DNA was on a reduced TDF dose due to renal insufficiency.
More recent studies demonstrated the efficacy of tenofovir in nucleos(t)ide analog-experienced patients. A European multicenter study evaluated the effect of tenofovir in mixed populations of HBeAg-positive and HBeAg-negative patients with prior exposure to nucleos(t)ides analogs. 17 One hundred twenty-one treatment-experienced patients (16 lamivudine, nine adefovir, 72 sequential lamivudine and adefovir, 21 add-on combination of lamivudine and adefovir, two entecavir, and one sequential lamivudine and entecavir) were treated for one year with tenofovir. A one-year analysis of available data on 103 patients demonstrated that tenofovir therapy resulted in 85% with undetectable serum HBV DNA and 70% with normalization of ALT levels. No viral breakthrough (defined as HBV DNA  1 log10 from nadir) was observed. Patients with HBV DNA  7 log10 copies/mL at baseline were more likely to have undetectable HBV DNA after 52 weeks of tenofovir therapy. 17 Tenofovir was also recently found to be equally effective in suppressing HBV DNA in lamivudine-naïve (n = 350) as well as lamivudine-experienced (n = 49) patients in a subanalysis of tenofovir phase III trials. 10, 11 Ninety-two percent of lamivudine-naïve and 84% of lamivudineexperienced patients achieved undetectable virus at week 96 of tenofovir therapy based on an intention-to-treat analysis. 18 No polymerase resistance to tenofovir was detected during the 96 weeks of therapy in either group.
Several other studies have demonstrated superiority of tenofovir to adefovir in reducing serum HBV DNA levels in lamivudine-experienced HBV-monoinfected patients or in patients coinfected with HIV. 8, 17, 19, 20 the superiority of tenofovir to adefovir may be related to the higher dose of tenofovir compared to adefovir (300 mg vs. 10 mg) in clinical practice. 8 Tenofovir was able to continuously suppress HBV DNA for up to five years in lamivudine-experienced patients. 21 Viral rebound was illustrated in a case series of 16 patients with undetectable levels of HBV DNA who were switched from tenofovir to adefovir. Adequate viral suppression was re-established when patients were switched back to tenofovir therapy in the absence of adefovir resistance. 22 However, patients with adefovir resistance had suboptimal responses to tenofovir monotherapy, suggesting cross-resistance between adefovir and tenofovir. 22 The patients with adefovir resistance and partial response to tenofovir were able to achieve optimal HBV DNA suppression once emtricitabine was added to therapy. 22 Similar findings were also reported in an abstract by van Bommel and colleagues 23 A recent retrospective analysis of a multicenter European study of using tenofovir monotherapy in 160 nuceleos(t)ide-experienced patients revealed inferior viral suppression in the adefovir-resistant group compared to the lamivudine-experienced group (52% versus 100%, respectively). 24 Tenofovir monotherapy was also compared to emtricitabine (FTC) plus tenofovir (TDF/FTC) in a recent trial that included treatment-naïve, lamivudine-and adefovir-experienced patients (13 with lamivudine resistance and 10 with adefovir resistance) who were partial responders to six months of adefovir therapy (HBV DNA  400 copies/mL). 25 Fiftythree and 52 patients were distributed blindly to the tenofovir and TDF/FTC arms, respectively. Patients were allowed to switch to open-label TDF/FTC if they had persistent HBV DNA  400 copies/mL after 24 weeks of therapy. Sixteen patients from tenofovir and nine patients from TDF/FTC groups were switched to the TDF/FTC arm due to persistent viremia. Based on an intention-to-treat analysis in which noncompleters and those who were switched were considered treatment failures, 65% of tenofovir and 77% of TDF/FTC patients achieved undetectable levels of viremia at week 72. 25 
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A combination of entecavir and tenofovir is also highly effective in suppressing HBV-monoinfected patients with advanced liver fibrosis and complex viral resistance patterns or patients with partial antiviral responses to prior therapies. 27 Fourteen out of 20 patients with a median HBV DNA of 600,000 copies/mL achieved undetectable HBV DNA after a median treatment of 10 months, with nine partial responders to prior therapies becoming HBV DNA-negative for the first time. However, no patients demonstrated loss of HBeAg or HBsAg.
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Cost effectiveness, viral resistance, and safety
The price of lamivudine is much lower than the rest of the nucleoside and nucleotide analogs. However, its use has been associated with increased cost due to the extra cost of managing complications associated with emergence of resistance. Although, the initial cost of currently recommended first line therapy (entecavir, tenofovir and pegylated interferon) is high, cost modeling favors the use of tenofovir or entecavir over the long term but not in the short term. 28, 29 Resistance to tenofovir has only been documented in HIV monoinfection and hepatitis B patients co-infected with HIV. The rtA194T polymerase confers resistance in vitro to tenofovir in presence of basal core promoter and precore mutations especially in HBeAg-negative CHB. 30 However, no resistance to tenofovir has been reported in patients with HBV monoinfection in HBeAg-positive or HBeAg-negative CHB after 96 weeks of therapy. 18 However, a longer duration of follow-up is required to determine if resistance is demonstrated with prolonged treatment.
Tenofovir is primarily excreted by the kidneys by active glomerular filtration and active tubular secretion. Tenofovir has been showed to cause mitochondrial damage in the renal proximal tubule in HIV patients. 31 The multidrug resistance protein, MRP4, has also been implicated in tenofovir nephrotoxicity in HIV patients. 32 Co-administration of drugs eliminated by tubular secretion can lead to increase serum concentration of tenofovir or the co-administered drug. The manufacturer recommends calculating creatinine clearance at initiation of therapy and adjusting the dose depending on creatinine clearance while on therapy. The dosing interval should be changed with any change in creatinine clearance (Table 3) . Acute renal failures, proximal renal tubular dysfunction with and without Fanconi syndrome have been described in patients receiving tenofovir in combination with other drugs for HBV-HIV coinfection. 32, 33 Nephrotoxicity was reversible with early discontinuation of tenofovir. Patients presented with varying degrees of hypophosphatemia, glycosurea, proteinuria, increased creatinine level and decreased creatinine clearance. 32 However, an ongoing trial of tenofovir in HBV-monoinfected patients has not found significant nephrotoxicity associated with tenofovir after 96 weeks of therapy. 34 No patient had a decrease in creatinine clearance 50 mL/min, a rise in creatinine of 0.5 mg/dL, or graded serum creatinine abnormality. However, one patient suffered a serious adverse event with a rise in creatinine to 1.4 mg/dL with improvement to 1.2 mg/dL at week 96. 18, 34 Two patients out of a cohort of 50 lamivudine-experienced patients were noted to have a rise in serum lipase in a subanalysis of the ongoing trial. 18 A retrospective multicenter analysis also demonstrated that tenofovir is well tolerated in nucelos(t)ide-experienced patients and was not associated with a statistically significant decrease in creatinine clearance. However, individual changes in creatinine clearance were noted. 35 Experts recommend serum creatinine and phosphorus monitoring in addition to urinalysis every three months during treatment with tenofovir particularly in patients with pre-existing kidney disease. 36 The two phase III registration trials of tenofovir included 81 cirrhotic patients, and the efficacy and safety of tenofovir were not influenced by the presence of cirrhosis. None of the cirrhotic patients had a rise in creatinine of 0.5 mg/dL, creatinine clearance 50 mL/dL, or clinically evident hepatic decompensation after 96 weeks of therapy. 37 A small pilot study addressed the safety and efficacy of entecavir combined with tenofovir in eight HBV treatment-naïve cirrhotic patients. 38 Five of the eight patients 
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showed undetectable HBV DNA serum levels after a median treatment of 4.87 months, with improvement of ChildTurcotte-Pugh score from a mean of 9.6 to 6.5 without associated adverse events. Tenofovir has been linked to a mild and short-lived decrease in bone density. Cases of osteomalacia and reduced bone density have been reported in HIV patients on long term tenofovir therapy. The decrease in bone mineral density was nonprogressive and not associated with symptoms during the first 48 weeks of therapy. 36, 39 However, no bone fracture linked to tenofovir use has been reported in HBV-monoinfected patients treated with tenofovir after 96 weeks. 34 Tenofovir crosses the placenta and has been labeled by the US Food and Drug Administration as a pregnancy category B medication. The Antiretroviral Pregnancy Registry is a prospective international registry that collects voluntary reports of major teratogenic effects associated with antiretrovirals and HBV drugs administered during pregnancy. A recent review of the this registry from 1989 until July 31, 2008 revealed no increase in risk of birth defects in infants born to women treated with tenofovir when compared to the general population. 40 
Conclusion
The ultimate goal in management of CHB is to develop an agent that will allow patients requiring continuous therapy to discontinue therapy without recurrence of the disease. Recent data suggests quantification of HBsAg titers as predictive of long-term HBsAg loss and response to treatment, and its relationship to a sustained response in patients without HBV viremia. 41 Although, clearance of HBsAg and HBeAg is associated with good prognosis, it does not always correlate into a cure. Disease progression can still occur, especially in patients with cirrhosis and in patients where HBeAg seroconversion occurred with therapeutic intervention. 1, 42, 43 The persistence of viremia despite clearance of HBsAg has been linked to a point mutation in the S-gene, which results in failure to detect HBsAg. 44 Tenofovir appears to have a high genetic barrier to resistance and has demonstrated therapeutic superiority to lamivudine and adefovir. It achieves rapid HBV DNA suppression and is effective in suppressing lamivudineresistant virus. A combination of entecavir and tenofovir was also found to be highly effective in the treatment of patients with complex HBV viral resistance patterns in small observational studies. However, the demonstration of lamivudine cross-resistance with telbivudine and entecavir caution against the use of tenofovir monotherapy in adefovir-resistant patients. Long-term safety and viral resistance monitoring will determine whether tenofovir will stand the test of time in maintaining its efficacy and safety in the arsenal of HBV medications.
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